Micro features with high aspect ratios are one of the commonly encountered geometries found in micro products. In the literature, these structures are often used in demonstrator products machined by a micromilling process. In this paper, the challenges in micromilling thin ribs with high aspect ratios have been studied. Due to the scaling effect, micro-ribs have relatively low stiffness but high natural frequency. Therefore, on the one hand, average forces have to be controlled well to avoid structural bending or even damage, while on the other hand, micro features are unlikely to be excited by the dynamic forces. The characteristics of micromilling forces and their relationships to the machining parameters, namely, feed per tooth, depth of cut and width of cut, were studied theoretically by force models. In addition, the effects of different milling strategies (up-/down-milling) and tool paths on the quality of thin features have been investigated using FEM. The results allow measures to be taken to minimize the force effects and support the micro features during machining. The experimental results verify the theoretical studies. Thin ribs about 15 μm wide and with an aspect ratio of more than 50 were machined with good form and surface quality.
Introduction
Micro features with high aspect ratios (AR), such as micro poles, gear shafts, bars and ribs, are the most commonly reported examples that are machined by micromilling [1] [2] [3] [4] [5] [6] [7] [8] .
Applications of such geometries include micro structures on single products, EDM electrodes and micro moulds for injection moulding. In addition, high aspect ratio micro features are often used as a criterion to evaluate the capability of micromachining processes [3, 9] . For example, it was observed in [9] that micromilling (by Ø 0.1 mm endmills) is suitable for machining features with a width of 100 μm and AR of 10-15. The important factors that influence micromachining of micro features are (a) workpiece materials, (b) dimensions and geometry of the micro-features, (c) machine and cutting tools, (d) machining parameters and (e) tool paths. The effect of some of these factors on the quality of machining is well documented in the literature. Je et al [8] have studied the effects of (a) and (b) using FEM. It was reported that for higher strength materials, the deformation of micro features was smaller. They noted that smaller dimensions of thin features led to larger deformations. Their results indicated that material with high strength should be chosen as the workpiece material in order to machine micro features with high aspect ratios. In addition, the process forces have to be minimized when feasible.
For a given machining environment, when the properties of (a), (b) and (c) are known, the quality of the micromachining is predominantly influenced by (d) and (e). This paper focuses on the effects of machining parameters and the tool path.
The machining parameters primarily influence the forces in micromilling. These are the cutting speed (v c ), depth of cut (a p ), width of cut (a e ) and feed per tooth (f z ). Using aggressive machining parameters improves productivity. However, they normally produce high cutting forces, which cause bending or damage to the micro parts and micro cutting tools. Conservative parameters lead to low forces which are safe. However, the cutting may fall in an unfavourable zone due to the minimum chip thickness effect [10] [11] [12] [13] . This leads to a relatively longer machining time. In practice, the machining parameters are often determined on a trial-and-error basis [14] . In order to overcome this,Özel et al [14] proposed a modelbased method to determine the machining parameters. An analytical model was used to select feed per tooth to avoid the minimum chip thickness effect. A time domain simulation model was used to predict cutting forces, surface form and roughness. This method was verified by machining micro cavities and therefore bending of the micro features was not discussed.
Another issue that needs careful consideration is the choice of tool path for machining thin features. Dimov et al [15] called for new strategies in micromilling due to its unique characteristics. It was suggested that a strategy should be adaptively developed according to the specific geometry of the component. One design principle is to provide support to the feature during machining. Currently, constant level Z is often used [1, 6, 8] for micromachining of micro-features with high aspect ratios. Micro pins that are 20 μm in diameter and having an aspect ratio of 35 were machined using this tool path in [8] .
In this paper, the process of micromilling of thin ribs with high aspect ratios is studied. The objective is a fundamental understanding of the micromilling process with the aim of improving the reliability and quality of the end product. Towards this end, an adaptive procedure has been undertaken, involving real-time acquisition of the cutting forces, modelling of the observed forces using suitable machining parameters and subsequent design of tool paths. The effects of different milling strategies, such as up-/down-milling, and tool paths on the quality of thin features have been investigated using FEM. The theoretical developments were experimentally verified on a commercial Kern Evo micro machining centre.
Characteristics of micromilling forces
The Kern Evo machine is shown in figure 1 . It contains a hybrid-bearing spindle that can rotate up to 50 000 rpm. The Kern machine is equipped with high precision collet-type tool holders. The cutting tools used were two-flute TiAlN-coated ultra-fine grain tungsten carbide Ø 0.5 square endmills with straight corners. The tools were produced in one batch to avoid possible deviations in quality. To check for premature damage, each tool was visually inspected under a microscope. Workpieces were made of tool steels, AISI H11 with 54 HRC and Böhler M261 with 46 HRC. The workpiece was first ground to achieve good surface flatness.
To understand the cutting forces, a preliminary milling operation of slot cutting was performed.
The cutting conditions were chosen according to the recommended cutting parameters by the tool supplier: depth of cut (a p ) 0.02-0.37 mm, width of cut (a e ) 0.02-0.5 mm and feed per tooth (f z ) 0.005-0.009 mm, depending on the operation (e.g. side milling or slot milling). The cutting forces were measured by a dynamometer, the Kistler MiniDyn 9256C2.
The measured cutting forces are influenced by the presence of runout on the spindle. In order to reduce these effects, the static runout at the end of the tool shaft was measured before each experiment. This was achieved by using a high precision dial gauge and the runout was manually controlled to be smaller than 1 μm, by adjusting the tool clamp. The dynamic runout was checked by visual inspection of the force signal.
In micromilling, the cutting forces are characterized by a static component and a dynamic component, very similar to the case of conventional milling. The static force causes bending of the micro cutting tool or the micro feature during machining. The dynamic component, on the other hand, influences the texture of the machined surface [16] . The objective is to understand the bending phenomenon within micro-ribs and therefore the focus is on the study of average force.
In figure 2 , the various facets of the measured force signals are examined in detail in the subfigures. The measured signals are typical of a micromilling process and allow a deeper insight into the phenomenon. The static and dynamics components can be clearly seen in figure 2 (a), which shows the measured signal during one revolution of the spindle. The two crests are a result of the two flutes of the cutting tool. The unequal magnitudes of the crests indicate the presence of dynamic runout at the tool tip. The dynamic runout is, in general, attributed to unbalanced mass, eccentricity in the spindle, tool clamping and tool geometry. An elementary analysis using the frequency spectrum of the force signals clearly shows a strong component of the spindle frequency. The cutting forces during a typical micromilling operation often fluctuate. The observed maximum and minimum cutting forces during each revolution fluctuate as seen in figure 2(b). For a sample of 500 revolutions, the forces vary within a band of about ± 0.27 N (10-15% of the average value). The fluctuations make it extremely difficult to model the dynamic forces accurately. The inhomogeneity of the workpiece material, changes in cutting tool geometry due to wear and vibrations are primarily responsible for the force fluctuations.
In order to verify the repeatability of the cutting forces, the measurements were sampled over five experiments under identical conditions.
The measured forces during one revolution of the spindle are shown in figure 2(c) for all the experiments. These forces suggest lack of reproducibility of the dynamics under similar cutting conditions. This is because the dynamic micromilling forces are influenced significantly by the process runout. Runout is influenced by many factors, such as micro cutting tool, tool holder and spindle runout. Since there is no good accurate method to measure runout online, it was not possible to improve the repeatability of the dynamic forces. However, when the average forces for each experiment are compared in figure 2(d), it can be observed that the variations are acceptable. This is because the cutting force is proportional to the removal chip volume. Since all these experiments were conducted under the same nominal cutting conditions, they showed similar average force. In addition, the average has been calculated over a large number of spindle revolutions, which reduced the fluctuation of the forces. This allows the assumption of average force repeatability and they can therefore be used for modelling purposes.
Relationship between average micromilling forces and machining parameters

Average force model
The cutting forces in micromilling were modelled using the mechanistic force model developed by Altintas [17] . This model was primarily developed for macro-scale milling. However, the results indicate its overall utility in modelling average forces that arise in micromilling. A short introduction to the basic principles of this model is given here. The interested reader is referred to [17] for the theoretical details of the model.
The coordinate system for the force model is shown in figure 3 . The relationship between the elemental forces (tangential force dF t and radial force dF r ) and process parameters (instantaneous chip thickness h and elemental depth of cut dz) at a rotational angle θ can be expressed as
where K tc and K rc are the cutting force coefficients, K te and K re are the edge force coefficients to take into account the ploughing effect, f z is feed per tooth. The elemental forces can be resolved into the X-and Ydirections, and integrated along the axial depth of cut and Note: only slot milling was conducted to avoid uncertainty in the width of cut due to runout. Figure 3 . Illustration of the coordinate system for the force model. The dF r and dF t are elemental forces applied on the tool tip; depth of cut a p is divided into pieces (dz) during calculation to take into account tool helix angle.
all the tool flutes that are involved in cutting. Then, the total instantaneous forces on the cutter at immersion θ and the average forces in one tooth immersion period can be calculated.
The machining parameters used to model the forces are depth of cut (a p ), width of cut (a e ) and feed per tooth (f z ). A number of experiments to calibrate the modelling parameters were carried out. These parameters were then used to validate the measured forces against the predicted forces. Table 1 gives an overview of the validation experiments. The errors between the predicted forces and measured forces in both the X-and Y-directions are seen to be less than 11%.
The reason that this conventional force model shows good accuracy for micromilling can be explained from the following aspects. First, this model has taken into account the most significant force components in micromilling: shearing and ploughing. Secondly, as in most of the force models in milling, this model is in nature an empirical model. There are four force coefficients in this model to amend the difference between real cutting forces and modelled forces. Thirdly, this model is used to model average forces in this work, instead of dynamic forces. The relationship between average forces and volume of chip removal is consistent, and not influenced greatly by the process runout. Fourthly, for the given size of the micro cutting tool and applied machining parameters, the micromilling process is shearing dominant.
Due to the interrupted nature of the micromilling process, the tool immersion period can be divided into ploughingdominant and shearing-dominant periods. The micro cutting tools used in this research are Ø 0.5 mm square endmills. The cutting edge radius of the endmills is measured to be about 2 μm. The applicable range of feed per tooth is 2-12 μm. Suppose that the feed per tooth is chosen to be 7 μm. If the critical value of minimum chip thickness is assumed to be 40% of the cutting edge radius [11] , the ploughing period will be about 7.3% of the total tool immersion period, and the shearing period 92.7%. Therefore, it can be concluded that the general behaviour of the micromilling process on such a scale is defined by the shearing period.
Study of the relationship between machining parameters and the average forces
The force model established in the previous section is now used to study the influence of the machining parameters on the predicted forces. It should be remembered that the primary interest is in obtaining a valid model for the bending phenomenon in machining of micro-ribs. When the micro feature in question is aligned parallel to the Y-direction (with reference to figure 3) , bending can only be caused by a force acting in the X-direction, i.e. normal to the micro-ribs. In view of this, the effect of each machining parameter on the average predicted force F x was studied. Note that the force depends on multiple parameters and its behaviour can be studied by varying only one parameter at a time or two or more parameters simultaneously.
First, the main effect of each machining parameter (f z , a p and a e ) on the average force of F x was examined for constant values of the other two parameters. The predicted forces for two different scenarios of up-milling and down-milling are plotted against variations in each parameter in figure 4 .
From figure 4 , the following aspects can be observed.
• The amplitude of the average force for down-milling is always higher than that for up-milling. This clearly illustrates that up-milling is a preferred strategy for the micromachining of thin features.
• For up-milling the magnitude of the force is observed to increase with width of cut (a e ) and the feed per tooth (f z ). From figures 4(a) and (c), the effect of a e is more significant than that of f z . This suggests a cautious approach to the choice of a e . From figure 4(b) , it can be observed that the increase of a p (within a small range) does not increase the average force significantly. This means that a larger value of a p (to a certain extent) can be used to improve the productivity without affecting the workpiece quality. • For down-milling, the amplitude of average force increases with an increase in all three parameters. Again a e has the most significant effect. Although smaller a e gives lower force for both up-and down-milling, the value of a e cannot be chosen too small. Otherwise, the undesired minimum chip thickness effect will become dominant.
From the preceding discussion, up-milling is preferred over down-milling for micromachining of thin ribs. For the remainder of this paper, results obtained through up-milling only are presented. To further understand the interaction effects between machining parameters, the value of feed per tooth (f z ) was fixed at 0.007 mm and the other two parameters were varied simultaneously.
From figure 5 , it can be observed that there exists a region where the combination of a e and a p produces a force lower than the predefined level when all the other parameters are fixed. For example, if the desired absolute force level is set to be 0.1 N, different combinations of a e and a p can be found in figure 5 (b) to fulfil the requirement.
Bending of micro endmills
During machining, not only the thin features, but also the micro endmill will bend under the milling force. The stiffness of the used Ø 0.5 mm endmill was measured to be about 0.4 N μm −1 . Suppose that the stiffness of the machine tool (including the tool holder) is five times higher than that of the cutting tool and the average F x is 0.1 N, then the calculated deflection of the cutting tool will be smaller than 0.5 μm, which is acceptable.
Study of tool paths
Conventional tool path and proposal for improvement
The conventional tool path that is commonly used in micromilling of thin features is best explained using figure 6(a). It illustrates the principle of constant level Z. A simple thin-rib serves as sample geometry for the thin feature. The machining sequence is indicated in figure 6(a) . By using this tool path, it is clear that at the even sequences, there is no support to the rib from the other side, which will result in 6 . Illustration of (a) the conventional and (b) the improved tool path. Up-milling is assumed as tool moves into the paper at odd sequence and out of the paper at even sequence.
bending or damage of the rib under the milling force. This works well when the bending of the rib is not crucial (for example in thick features). However, when the width of the rib is small enough and the designed AR is high, its limitations will become critical for the success of the machining. The lack of support at the even numbered sequence for this tool path has been identified as a fundamental problem that needs to be addressed.
To overcome this problem, we propose an improved tool path, shown in figure 6(b) . For the new tool path, the cutting tool only removes a portion of depth of cut (that is, a certain percentage of a p ) in sequence 1. When the tool moves to the other side to complete sequence 2, it can machine the complete depth of cut in one shot. During this sequence, the rib is always supported by the partial material on the other side. As a consequence, after an even number of tool sequences, the surfaces on both sides of the rib are not at the same level. The advantage of the improved tool path is that there is structural support to the rib during machining.
Comparison of the two types of paths
The effectiveness of the two types of tool paths can be compared by means of FEM models of a rib assumed to be 25 μm thick and 500 μm high. The workpiece material is Böhler M261 which is the same material used for the force model. Its Young's modulus is 210 GPa, Poisson's ratio = 0.29 and density = 0.0078 g mm −3 . The FEM analysis is done using COSMOSWorks [18] . The force magnitude is assumed to be 1 N for both a full a p (0.1 mm) and half a p according to the results of force modelling. The direction of the force is normal to the rib and pushes the rib away. The location of the force is near the side edge of the rib, which represents the worst-case scenario that results in maximum bending of the rib. Analysis on each sequence of tool movements for both tool paths was performed. The results are shown in figure 7 and table 2; only the maximum deflection of the rib is recorded.
For the conventional tool path, when there is material support from the other side, the deflection of the rib is small (<1 μm). However, when there is no support from the other side, the deflection of the rib is relatively large and increases rapidly when the cutting (force) approaches the bottom of the rib.
For the improved tool path, the increase in deflection is more gradual, and there is no clear difference among the odd and the even sequences. The rib deflection at the last movement (sequence 11) is 3.5 μm, about three times lower than when the conventional tool path is used.
Dynamic behaviour of the thin ribs
In order to understand the interactions between the cutting forces and the dynamics of thin ribs, a modal analysis was performed. The stiffness and natural frequency of a thin beam depend on its dimensions (length, width and height) and, when scaled down by a factor of 10 in each dimension, stiffness decreases, and natural frequency increases, by a factor of 10. Micro-ribs are therefore very flexible with high resonance frequency.
A simulation, for a rib of 500 × 25 × 500 μm (L × W × H), found the stiffness to be about 4 mN μm −1 , and natural frequency to be about 86 kHz; for a rib of 500 × 10 × 500 μm, the evaluated stiffness is about 0.3 mN μm −1 and its natural frequency is about 35 kHz. This analysis again shows that the process force has to be controlled well and it is essential to give support to micro features during machining.
In this research, micro-ribs were machined at a spindle speed of 30 000 rpm. Since the micro endmill has two flutes, Table 2 . Maximum deflections of the ribs for the two tool paths (μm). the cutting frequency is 1 kHz, which is significantly lower than the natural frequency of the ribs. Therefore, it can be concluded that the rib is unlikely to be excited by the cutting forces during micromilling. However, there is a trend in research to use higher speed spindles in micromilling. The relationship between the natural frequency of micro features and the cutting frequency should be checked carefully when a high spindle speed is used.
Machining of micro-ribs
In this section, experimental results are presented that validate the claims pertaining to the force model and the novel tool path. On the 20 × 10 mm surface of the workpiece (Böhler M261), 12 ribs were machined, as shown in figure 8 . The machining of the ribs comprises three operations: namely roughing, re-roughing and finishing. During the roughing and re-roughing operations, bigger tools (Ø 3 mm) were used to remove bulk material and leave enough allowance for the next operation. Finishing is the operation that machines the ribs to their final shapes. The same type of commercial Ø 0.5 mm endmill was chosen, as that used in the force model development. The machining parameters and tool paths were chosen according to theoretical analysis.
The 12 ribs on one workpiece were machined with different combinations of tool paths and machining parameters, to get a statistically reliable result, as shown in table 3. The spindle speed was fixed at 30 000 rpm, which gave a relatively smaller dynamic runout according to preliminary tests. The feed rate was fixed at 420 mm min −1 . The machining time for one rib in the finishing operation was <30 s. Five workpieces (altogether 60 ribs) were machined.
Results and analysis
The machined ribs were observed and measured by scanning electron microscopy and white light interferometry.
General observations
In summary, the machining of micro-ribs was successful; all the planned micro-ribs could be realized under the chosen cutting conditions. No manual intervention was needed during machining. Ribs machined under the same cutting conditions showed similar quality, meaning that the repeatability of the process was good.
The rib in figure 9 has an AR of 54 (width ∼15 μm, height ∼800 μm). It is seen that the quality of this rib is good both in terms of its shape and the surface quality. The rib is straight seen from the side view in figure 9 (a) and the top view in figure 9 (b). of the machined surface with a surface roughness of 0.3 μm (Ra). The highest AR achieved in experiments was about 63 (width ∼ 8 μm, height ∼500 μm). The machined ribs are shown in figure 10 . It can be seen that the overall shape of this rib was acceptable and the designed height was achieved. However, the quality of the rib is not good. The body of the rib can be seen to be twisted. This can be attributed to insufficient strength in the thin rib to withstand forces along its longitudinal direction (F y ). This indicates that for thick ribs, plastic deformation is local (chip formation); when the rib is too thin, plastic deformation will become global. Therefore, for machining ribs of such small scales, both the forces that are normal to the direction of the rib and those that are parallel become prominent.
The microstructure of the workpiece material also influences the surface quality. Future research will be directed to gain greater insights into this aspect.
In this research, the achievable AR was limited by the maximum underneck length of the micro cutting tool, which was 0.8 mm. Since the quality of the rib was very good under the chosen cutting conditions, it is believed that micro-ribs with even higher ARs can be machined successfully if tools with longer underneck lengths become available.
Evaluation of tool paths
Experimentally, it has been observed that the improved tool path proposed in this paper outperformed the conventional tool path, especially when the rib width was <10 μm. When the rib width is within this range, using the conventional tool path leads to poor quality and an eventual fracture of the rib. The ribs machined by using the improved tool path could always be machined successfully under the conditions tested. Figure 11 is a highly magnified view of the sidewalls of the ribs machined by both types of tool paths. The rib machined by the conventional tool path, figure 11(a) , shows a saw-toothed feature on the one side of the rib. The distance between two sawteeth is 50 μm, which equals the applied depth of cut (a p ). This side was machined on the even sequences of the tool movements; there was no support from the other side during machining. The rib machined by the improved tool path, figure 11 (b), is clearly devoid of such issues.
Cutting conditions
The measured average of the cutting forces was compared with the theoretically predicted values. They showed good agreement, as shown in table 4. When machining ribs with a width of 30 μm, both up-and down-milling were used. The measured force in down-milling was 0.84 N, which is about 5.6 times higher than that in upmilling. The force model used also predicted the same levels of increase. The relative thickness of the rib prevented its fracture under the influence of high amplitude forces. However, the quality of the rib has deteriorated remarkably in comparison to that machined in up-milling, as shown in figure 12.
Conclusions
This paper discusses the challenges in micromilling of thin features with high aspect ratios. In particular, the effects of process control have been considered, especially by choosing suitable machining parameters, the machining strategy and tool paths for the micromilling of micro-ribs. A fundamental understanding of the cutting forces involved in micromilling was obtained and the relationship to various machining parameters and milling strategy. A well-known macro scale model from the literature was used to obtain predictions of the average cutting forces in micromilling. This model was found to be a fairly accurate representation of the measured cutting forces from the experiments conducted. This is probably because, under the given experimental conditions, the micromilling process is still a shearing-dominant process. It was observed that the structural properties of micro-ribs are affected by the scaling effects. The low stiffness and higher natural frequencies indicate that the cutting forces do not excite the resonant modes for lower spindle speeds considered in this paper. It has been noted that up-milling results in significantly lower amplitudes of the cutting forces than in down-milling. In order to circumvent the problems that arise due to the lack of support during micromachining of thin ribs, an improved tool path for processing has been proposed. The advantages of the proposed strategies were examined using FEM analysis and verified in experiments.
For further research, it will be interesting to study the surface texture of thin ribs which is related to the dynamics of micromilling. The influence of the process runout on dimensional accuracy is another aspect which demands further investigation.
